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(Broughton 2009). Both species are 'red-listed' and of conservation concern in Britain due to 70 respective declines in abundance of 74% and 92% between 1967 and 2013 (Robinson et al. across Britain, which demonstrated that there was no regional variation in these biometrics 83 4 (Broughton et al. 2016 ). For British Willow Tits, Scott (1999) Scott (1999) found that the wing lengths of 14 Marsh Tits 94 averaged significantly longer than nine Willow Tits, but there was substantial overlap. 95
Tail shape may also be helpful for identification, such as the 'tail tip difference' 96 between the tip of the shortest, outermost tail feathers (T6) and the longest inner feather that 97 forms the end of the tail (du Feu & du Feu 1996) . This difference is generally greater for 98
Willow Tits than for Marsh Tits, but Scott (1999) reported an overlap of 36% for British birds 99
and Abe & Kurosawa (1984) found 54% overlap in Japan. 100
The number of tail feathers visible on the underside of the closed tail may also help 101 identification (du Feu & du Feu 1996, Scott 1999); on Marsh Tits the outermost T6 is the 102 shortest feather, with the longer T5 covering the inner feathers of almost equal length, giving 103 a 'tail tip score' of two feathers clearly visible on each side (T6 and T5). On Willow Tits the 104 tips of T6, T5, T4 and perhaps T3 are visible as a series of more evenly spaced steps (at 105 least 1 mm apart) on the underside of the tail, giving a tail tip score of 3 or 4. amplification was conducted in a total volume of 10 μL using the PCR conditions reported by 151
Griffiths et al. (1998). 152
Measurements taken during handling of full-grown birds included wing length 153 (maximum chord to 1 mm precision), tail length (to 0.5 mm), the 'tail tip difference' 154 measurement between the ends of the longest and shortest tail feathers (to 0.5 mm, Fig. 1 ), 155
'tail tip score' as the number of tail feather tips visible ≥ 1mm apart on the underside of the 156 closed tail (one side only, Fig. 1 ), body mass (to 0.1 g using a calibrated Pesola spring 157 balance or electronic balance), and maximum tarsus length (to 0.1 mm). Standard 158 measurements were taken as described by Redfern & Clark (2001 tail. In the schematic, the tail tip score for Willow Tit is 4 (T3, T4, T5 and T6) and for Marsh 177 Tit the score is 2 (T5 and T6). Darling tests) and to maintain consistency between all tests comparing groups. As birds 212 were caught and weighed throughout the day, reflecting the activity of typical ringers across 213
Britain, we made no adjustments to mass to account for time of day (as per Robinson 2015). 214
Marsh Tit wing lengths for birds of known age and sex were used in binomial logistic 215 regression, applying a logit link function and using age class as a factor. This was in order to 216 provide probability estimates for sexing birds in other samples, to indicate the sex of 217 unknown individuals or the proportion of males and females in different populations. 218
Willow Tit biometrics were compared between age and sex classes, and logistic 219 regression was attempted in order to produce probability estimates for sexing birds using 220 wing length, as per Marsh Tits. Wing length, mass and tail length measurements were 221 compared with those of Marsh Tits, including use of discriminant analysis with species as the 222 grouping factor. To investigate differences in tail shape, we calculated and compared the Summary statistics for Marsh Tit biometrics are given in Table 1 , with results of statistical 239 comparisons between sexes. The DNA sexing of 55 birds (28 females and 27 males) agreed 240 completely with the sex assigned from behavioural observations in the field, and so all birds 241 were considered to be sexed correctly using the behaviour method. 242 Table 1 shows that the wing and tail lengths of males were significantly longer than 243 those of females in all age classes, and adults of both sexes had longer wings than first-244 years (Mann-Whitney tests, males: U = 29905.5, P < 0.001; females: U = 17057.0, P < 245 0.001). Adults also had longer tails than first-years (males: U = 3421.5, P < 0.001; females U 246 = 3776.5, P < 0.001). Individuals with longer wings generally had longer tails (males: 247
Spearman's rank-order correlation, rs = 0.76, P < 0.001; females: rs = 0.59, P < 0.001). 248
Male Marsh Tits were typically heavier than females (Table 1) , but adults were not 249 heavier than first-years (males: U = 21386.0, P = 0.947; females U = 13906.5, P = 0.948). 250
Within all age and sex classes, heavier birds tended to have longer wing lengths (all groups: 251 rs = 0.21-0.37, P < 0.001-0.040). 252
Tarsus measurements of 59 birds (including 30 unsexed) showed a narrow range of 253 values (17.8-19.4 mm, median = 18.6, mean = 18.5 ± 0.4 s.d.). The median tarsus length of 254 males was longer than that of females (Table 1) For first-years a division of ≤ 62 mm for females and ≥ 63 mm for males assigned 93.8% of 264 birds to the correct sex (97.2% of 141 females and 91.0% of 167 males). Combining these 265 statistics for both age classes sexed all 559 Marsh Tits with an overall accuracy of 95.0%, 266 using the different wing length divisions for sexing adults and first-years. 267
The full output of the logistic regression models is given in Appendix 1, showing 268 highly significant relationships between wing length, age and sex in Marsh Tits. Table 2  269 shows the probability of being male for an adult or first-year bird of a given wing length, with 270 associated confidence intervals. The wings and tails of male Willow Tits tended to be longer than those of females, although 279 not significantly so for first-years, and body weights showed no significant difference 280 between the sexes in any age class (Table 1) . Wing lengths showed a substantial overlap 281 between the sexes (Table 3 , age classes combined due to small sample sizes), and so 282 logistic regression of the wing lengths against sex did not produce good results, with a poor 283 goodness-of-fit (deviance chi-square = 21.8, df = 6, P = 0.001) and poor measures of 284 association (73.1% concordant pairs between response variable and predicted probabilities). 285
As such, this approach was not pursued (full model output not shown). 286
When comparing biometrics of first-year and adult Willow Tits (sexes combined, 287 Table 4 ) the adults had significantly longer wings (U = 7183.5, P = 0.048) and tails (U = 288 4101.5, P = 0.012) than younger birds, with a near-significant difference in body mass (U = 289 5089.5, P = 0.051) following the same trend, but the differences were small. 290 291 292
Differences between Marsh and Willow Tits 293 294
Similar proportions of males and females in samples of both species allowed sexes to be 295 combined for analyses. These showed that Marsh Tits tended to have longer wings than 296
Willow Tits, with proportionately shorter tails (tail/wing index), and were also heavier ( Table  297 4). Marsh Tit wing lengths showed a strongly bimodal distribution, compared to unimodal 298
Willow Tits (Fig. 2a ). This reflected the greater overlap in wing lengths between male and 299 female Willow Tits compared to Marsh Tits in both age groups. 300 were 4 mm shorter than the smallest Marsh Tits, and they weighed 1.2 g less, whilst wing 303 lengths of the largest Marsh Tits were 4 mm longer than Willow Tits and they were 0.7 g 304 heavier, although the longest tails of Willow Tits were 3.5 mm longer than Marsh Tits ( Table  305 4). There were significant differences in tail shape between the two species, with a 312 greater 'tail tip difference' for Willow Tits of all ages, compared to Marsh Tits (Table 4) . 313
Despite this, the measurement range of tail tip difference overlapped for 71% of Marsh Tits 314 and 79% of Willow Tits. Nevertheless, for first-year birds, a division of 4 mm or more for 315
Willow Tits and 3.5 mm or less for Marsh Tits correctly identified 96% of both species. For 316 adults, 95% of Willow Tits were correctly identified with a tail tip difference of ≥ 5 mm, but 317 only 72% of Marsh Tits with a measurement of ≤ 4.5 mm. Combining the statistics for both 318 age classes gave an overall accuracy of 89% for the tail tip difference method (44 errors 319 from 389 birds). 320
Willow Tits had significantly higher 'tail tip scores' than Marsh Tits, with generally 321 more tail feathers visible on either side of the closed tail (underside) in all age classes ( Table  322 5). Adults of both species had significantly higher scores than first-years (Willow Tit: U = 323 264.0, P = 0.015; Marsh Tit, U = 5043.0, P < 0.001), but the range of scores overlapped 324 completely at 2-5 for each species. 325
Discriminant analysis for separating Marsh and Willow Tits was most successful 326 when using wing length and tail tip difference as predictor variables, assigning almost all 327 birds to the correct species, particularly when adults and first-years were treated separately 328 (Table 5) . The results demonstrated that male Marsh Tits were generally larger and heavier than 337 females in both age classes, and that adults were larger than juveniles. Individuals with long 338 wings also had long tails and weighed more than smaller birds. These measurements 339 represent the largest biometric dataset available for live Marsh Tits of the British subspecies, 340 grouped by age and sex. The data come from a very small number of ringers with a high 341 degree of consistency, and with accurate ageing and sexing derived from monitored 342 populations in three English localities. 343
These results offer an alternative to the small sample of measurements from skins in 344
Cramp & Perrins (1993), and also the measurements pooled from a large number of ringers 345 in the BTO database (Robinson 2015), which shows unusual variability (du Feu & du Feu 346 2014). As is has been shown that is no regional variation in Marsh Tit biometrics across This could be achieved by simply calculating the percentage of birds of each wing length by 368 the values for the appropriate age class in Table 2 to estimate the percentage of males in a 369 sample. For example, of 125 first-years with a wing length of 61 mm, three birds could be 370 expected to be male (2.4% of 125 = 3), leaving 122 females, whilst all adults of 60 mm 371 would be expected to be female (0.0% probability of being male), and 99.8% of birds of 65 372 mm where age was unknown could be expected to be male. 373
As previous work has shown no variation in Marsh Tit wing length across the British A caveat with using the sexing probabilities from Table 2 is that they are based on a 380 large and relatively balanced sample of birds (56% males, 44% females). Applying these 381 probabilities to very small samples from other populations could be misleading if one sex 382 happens to be grossly over-represented by chance or capture method (e.g. catching at 383 nestboxes, which may be heavily biased towards females). Larger samples, and a random 384 sampling technique, will produce more reliable estimates. 385
For sexing individual Marsh Tits, the probabilities produced by the logistic regression 386 models had very narrow confidence intervals for most wing lengths, suggesting that most 387 individuals could be sexed with a very high degree of reliability (greater than 95%). For 388 example, Table 2 indicates that a first-year Marsh Tit with a wing length of 64 mm would 389 have a 99.7% probability of being male (with a confidence of 99.1-99.9%), whilst a bird of 59 390 mm wing length would be essentially certain to be female. The confidence intervals suggest, 391 however, that greater caution is required when sexing individuals with wing lengths of 62 mm 392 (first-years) or 63 mm (adults), which have much wider confidence intervals. 393
When using the more basic method of sexing Marsh Tits, i.e. the simple cut-off value 394 for wing length, treating adults and first-years separately was an improvement on the method 395 Our results show that British Marsh Tits are slightly more robust than Willow Tits, being 428 larger and heavier (by a median 5-7%) with proportionately shorter tails. Tail shape was a 429 useful feature for separating the species, particularly the measurement of 'tail tip difference' 430 between the shortest and longest tail feathers, as proposed by Amann (1980) for Swiss 431 birds, Abe & Kurosawa (1984) in Japan, and du Feu & du Feu (1996) and Scott (1999) in 432
Britain. 433
Our results supported the findings of these earlier studies by showing that most 434
British Marsh Tits (97%) had a tail tip difference of ≤ 5 mm, with almost all Willow Tits (98%) 435 being ≥ 4 mm, but the overlap of 4-5 mm included a large proportion of birds in our sample. 436
The measured difference was generally greater for adults than first-years, as was also 437 shown by Amann (1980) . Therefore, by treating the age classes separately we found that 438 most first-years (96%) could be separated with a sharp division of ≤ 3.5 mm for Marsh Tits 439 and ≥ 4 mm for Willow Tits. Adults showed more overlap than first-years, particularly Marsh 440
Tits, but the division of 4.5/5 mm still identified most birds correctly. 441
Tail tip score, derived from the number of feather tips visible on one or other side of 442 the closed tail, viewed on the underside, was less reliable than tail tip difference due to a 443 significant proportion of adult Marsh Tits and some first-years having a graduated tail that 444 was similar to a typical Willow Tit. Some birds also showed asymmetry in the tail, with one 445 T6 feather noticeably shorter than the other. In these cases measurements taken from the 446 longest T6 feather are recommended as a conservative approach. 447
The discriminant function using tail tip difference and wing length as predictors ( Table  448 6) gave the best results for separating Marsh and Willow Tits with two simple 449 measurements, identifying 95-99% of birds of either species (according to age class). The 450 presence/absence of a pale mark at the base of the bill has previously been shown to Significant variability in data quality within the national dataset could undermine the 479 use of Marsh Tit biometrics for the analysis of population structure. Similar issues may also 480 exist for Willow Tit data, but a greater overlap in biometrics between the sexes could make 481 these harder to detect. Although it may be possible to identify the more reliable series of 482 ringing records for these species, perhaps by extracting those from sources of known 483 reliability or by testing the measurement repeatability among recapture records, this case 484 study underlines the need for accurate data collection in ringing schemes. Marsh Tit body mass (g) FY 10.4 ± 0.3 (10.4, 9.6-11.3), 125 11.1 ± 0.4 (11.1, 9.9-12.1), 152 9577.0 <0.001 Ad 10.4 ± 0.4 (10.5, 9.5-11.2), 96 11.1 ± 0.4 (11.1, 10.0-11.9), 129 6087.5 <0.001
All 10.4 ± 0.3 (10.4, 9.5-11.3), 221 11.1 ± 0.4 (11.1, 9.9-12. in each category. The probability of being male (P(M)) for an individual of a given wing 646 length is shown as a percentage, with the associated 95% confidence intervals (CI). between the tips of the shortest and longest tail feathers, and tail tip score refers to the 677 number of tail feather tips visible on either side of the underside of the closed tail. All 2.4 ± 0.6 (2, 2-5) 154 3.6 ± 0.7 (4, 2-5) 29 12460.5 < 0.001
Body mass (g)
FY 10.8 ± 0.5 (10.7, 9.6-12.1) 277 9.9 ± 0.6 (9.9, 8.3-11.4) 86 58897.5 < 0.001 Ad 10.8 ± 0.5 (10.8, 9.5-11.9) 225 10.2 ± 0.6 (10.2, 8.5-11.4) 40 32468.5 < 0.001 Table 5 . Linear discriminant function for separating Marsh Tits and Willow Tits of different 705 age classes using measurements of wing length and tail tip difference (TTD, the 706 measurement between the longest and shortest tail feathers on the underside of the tail). 
